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PREFACE 

The work reported herein was conducted by the Arnold Engineering 

Development Cenfer (AEDC), Air Force Systems Command (AFSC), unde K 

Program Element 65807F. The results were obtained by ARO, Inc., 

AEDC Division (a Sverdrup Corporation Company), operating contractor for 

the AEDC, AFSC, Arnold Air Force Station, Tennessee. The work was 

conducted under ARO Project No. PS2S-COA. The author of this report was 

V. A. Cline, ARO, inc. The manuscript (ARO Control No. ARO-PWT-TR-77- 

25) was submitted for publication on April 6, 1977. 
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1.0 INTRODUCTION 

A laser velocimeter (LV) system has been installed in the Acoustic 

Research Tunnel (ART) at the Arnold Engineering Development Center 

(AEDC). It was designed to provide two orthogonal components of meas- 

ured mean velocity at any location within the tunnel test section. From 

the data collections acquired it is also possible to obtain estimates of 

the flow angle, turbulence intensity, and the Reynolds shear stress. 

The measurements can be made within 0.010 in. of the model or tunnel 

wall without disturbing the normal flow pattern. 

Throughout the development of the LV technique the technical com- 

munity has gained information, a little at a time, about the capabili- 

ties and potential of this new and quite useful measuring scheme. These 

bits of information have, in general, come from research reports which 

were, by nature, isolated in context to the specific parameter under 

study. Also, the particular parameters were optimized for their own 

sake, and perhaps the extreme limits were used as selling points for the 

development program. The potential user of a system might reasonably form 

all these isolated results into an image of a system which provides the 

best of each of these parameters simultaneously. Unfortunately, the 

system design criteria defined by the test requirements, facility geometry, 

and test conditions demand a system of compromises. For example, the sen- 

sitive "probe volume" can be made extremely small by proper manipulation 

of th~ optical configuration; however, this value can be far too small 

to allow processing the resulting signals by conventional-type processor 

techniques. 

The system presented herein is the first one permanently installed 

in a wind tunnel at the AEDC. For this system, of course, technology 

was "frozen" at the date of design. Although state-of-the-art techni- 

ques consistent with the demands and constraints placed on the system 
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were used, it is obvious that further improvements in the technology are 

needed. 

The above factors were kept in mind in the preparation of this 

report. The purpose is not only to formally report the new capabilities 

in the ART, but to present to the potential user a realistic look at 

the limitations of this system in particular and the factors involved 

in the applications of the technique in general. 

Limitations which have been noted in this report result in some 

recommendations for improvements. The necessary steps have been planned 

to make the instrument a more accurate, useful tool in wind tunnel testing. 

2.0 THEORY 

The LV technique is based on the familiar Doppler frequency shift 

which occurs when a wave-emlttlng source and an observer are moving with 

respect to each other. In this case, the source is an entrained particle 

moving with the flow whlch scatters or reflects the electromagnetic wave 

(the laser llght) toward the observer. The difference in frequency 

between the scattered light and the unscattered laser light is the 

Doppler frequency shift from which the velocity of the scattering source 

is dlrectly determined. A particular geometrical arrangement where 

light is scattered simultaneously from two input beams is called the 

"dual-scatter" system, and it has many advantages over the early refer- 

ence beam systems. Derivation of the equations for scatter source 

velocity versus the Doppler frequency is found in Ref. I. 

The dual-scatter technique can also be explained by a fringe model 

showing a fundamental time and distance determination of velocity. As 

two coherent, monochromatic beams of light are focused to intersect at 
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some angle (B), a set of parallel fringes is produced In the region of 

crossover of the two beams. In Flg. i, the wave nature of the input 

beams Is indicated by lines perpendicular to the direction of travel, 

representing the hlgh-intensity crests one wavelength apart. Construc- 

tive interference of the two waves produces the fringes, bright where 

two crests are superimposed, and dark at the superposltlons of a crest 

and a trough. The distance between fringes (6) is seen from the geo- 

metry (Fig. ib) to be 

6 = ~,1(2 s l n  (012))  

lie 2 Relative "Fringe Spacing 161 
Beam Intensity 

a. Beam crossover region 

V 

A 
~ si n e/2 -- k. 128 

A 

b. Detail of fringe separation 
Figure 1. Dual-scatter interference fringes. 
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A partlcle moving across the fringe pattern will scatter llght with 

intensity varying proportionally as the fringe pattern intensity. The 

frequency of the intensity oscillation is directly proportional to the 

component of the particle velocity normal to the fringes. This scat- 

tered light is detected by a photomultipller tube which provides an 

output current proportional to the intensity. The period (z) of this 

alternating signal is the time required to travel a known distance (the 

fringe spacing 8). Fundamentally, velocity equals distance divided by 

time or 

" en = 6/T = [X/ (2  s i n  ( B / 2 ) ~  l I T  

where en is a unit vector perpendicular to the fringes. Since the signal 

frequency (fD) equals l/T, and the wavelength in a medium of index of 

refraction n is Ao/n , then 

fD = (2 sin (el2)IXo)n~ • ~n 

which is precisely the equation arrived at using the more rigorous 

derivation of Ref. I. 

For a given system, the angle between the two beams (e) ~s precisely 

measured and constant. The period of the detected signal is dependent 

only on velocity and its precise measurement results in a direct measure- 

ment of the velocity of the scattering particle. 

These stationary fringe patterns are produced by splitting the 

laser beam by one of several schemes involvlng glass blocks, prisms or 

beam-spllttlng partial mirrors, and focuslng the two beams together at 

the desired beam angle. 

The stationary fringe system produces a clean, accurate signal, but 

has two shortcomings when used in certain flows; (i) the direction of 

travel of the scattering source is not given, i.e., particles traveling 

at equal veloclty in opposite directions will produce equivalent sig- 

nals, and (2) particles traveling at small angles with respect to the 

8 



AE DC-TR-77-53 

fringe planes will not cross enough fringes to produce a processable 

signal, thereby creating a "dead zone". 

To overcome these two problems, a moving-fringe-type system (Bragg 

cell type) is used. It exploits the interaction of a laser beam with an 

acoustic wave traveling in a solid or liquid, both to split the beam and 

to frequency shift one beam with respect to the other (Refs. 2 and 3). 

This produces fringes moving across the beam crossover region at the 

frequency of the acoustic wave. Particles traveling against the fringe 

movement produce a signal frequency greater than the acoustic frequency 

and vice versa. This solves the directional problem. Also, a particle 

crossing the region in any direction will be swept by sufficient fringes 

for processing, thus ellminatin~ the "dead zone". 

The previous discussion has described the process for the measure- 

ment of a single velocity component normal to the fringe pattern. It is 

a simple matter to optically provide a second set of fringes orthogonal 

to those described. A single particle traversing the probe volume will 

then scatter light from both sets of fringes, thus providing a signal 

from each set that can be used in making simultaneous, two-component 

particle velocity measurements. 

3.0 SYSTEMS DESCRIPTION 

The ART LV is a two-component, dual-scatter, Bragg-cell-type system 

collecting scattered radiation in the forward-scatter mode. Considerable 

effort in system design was made to allow "fo~ard-scatter" operation 

because the intensity of the light scattered in the forward direction 

(in the direction of the incident beam) is much greater than in the 

"back-scatter" direction making the system much more sensitive to smaller 

scatter sources. The movlng-fringe-type system was dictated by two 

considerations: (i) the need to know directionality of flow in the 

reverse flow regions of experiments such as slotted wall models and 

9 
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sepa ra t ed  boundary - l aye r  s t u d i e s ,  and {2) the  requi rement  to measure two 

components s imu l t aneous ly .  

3.1 OPTICS 

A schematic of the system is seen in Fi 8. 2. The mirrors M 1 

through M 5 are used only to fit the geometry of the system to the spatial 

requirements dictated by the tunnel. The main body of the system is 

beneath the wind tunnel duct, whereas mirror MS, the focusing lens L3, 

and the collectlon package (L 4 and L 5) are elevated to the level of the 

test section as indicated by the dotted lines between M 4 and M 5. 

~/ 
/ - - -  LI 

Ml, d~ ~ M2 

Laser 

Bragg Cell 

L2 

Beam Block - -  7 
~---- Photomultlpller 

/ / . /  I 

I / ~ /  L Line Niter 
s / L 5 and Aperture 

;y 
Flow 

Test Cell Walls 

Figure 2. Schematic of the ART laser velocimeter system. 
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The two-component Bragg cell i s  used to split the beam into four 

parts and to shift the frequency of one of the horizontal set by 15 MHz 

and one beam of the vertlcal set by 45 MHz. It is arranged so that the 

fringe planes for the horizontal component move upstream in the tunnel 

and those for the vertical component move vertically downward. The 

purpose of lens L 1 is to ensure that the four individual beams come 

to focus at the point at which the focusing lens L 3 makes them cross. 

This ensures perfectly parallel fringe planes and helps maintain a 

small probe volume with sufficient energy density. 

The 5-in. lenses, L 4 and L 5, form the collection package with an f 

number of 5. Lens L 5 focuses the collected radiation onto an aperture 

of about 250-~m diameter. The aperture is used for spatial filtering of 

the signal to reduce noise imput and to control the size of the probe 

volume, 

Upon passing the aperture, the signals go through an optical band- 

pass filter of about i00-~ wavelength bandwidth. This also reduces noise 

input from light sources other than the laser. The signal is then 

detected and amplified by a photomultiplier tube. 

3.2 TRAVERSE 

The optics platform is mounted on a three-axis traverse system made 

from numerical control positioning components. The probe volume can be 

moved to any predetermined position within the test section to within 

0.001-in..accuracy relative to the original reference point. Three 

digital readouts of position are provided which are recorded on magnetic 

tape with the data collection. 

11 
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3.3 COMPONENT SEPARATION ELECTRONICS 

The horizontal and vertical components of data are taken at the 

same time for two reasons. Simultaneous data is preferred when calcu- 

lating Reynolds shear stress values from the measured turbulence in- 

tensity, and a minimum data acquisition time is desired. To accomodate 

these demands, an electronic scheme is used to separate the signals for 

processing. 

The signal, as detected at the photomultiplier tube, is a complex 

waveformmade up of not only the two desired signal frequencies but also 

two undesired "crosstal~' frequencies which are the sum and difference 

of the Doppler-generated signals (Ref. 3). The frequency spectrum, as 

seen at the photomultlplier tube, is shown in Fig. 3a, giving the band- 

widths accommodating the velocity ranges of the instrument. The con- 

ventional u is used for horizontal velocity, v for the vertical, and CT 

for crosstalk. The horizontal velocity information is separated from 

the rest by the 22-MHz, low-pass filter. It is then processed by the 

Model 8 Doppler Data Processor (DDP) to be described later. 

Three operations take place on the vertical velocity signal. It is 

first filtered by the 42- to 48-MHz bandpass filter. The remaining 

signal is then mlxed with a crystal-contolled, 65-MHz ± 0.0002-percent, 

heterodyne oscillator, and the difference frequency, centered around 20 

MHz, is used for processing by a second data processor. This difference 

spectrum is seen in Fig. 3b. A final bandpass filter (17 to 23 MHz) 

further aids in eliminating any crosstalk signal from the information 

band. The signal is processed at 20 MHz rather than at 45 MHz to in- 

crease the resolution of the individual measurements. 

12 
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40-db 
Attenuation 
Level _1, 

0 5 

~--_ 42:MHz High-Pass Filter 

~'% / " "  T ', ,; 
I n nn ,; I I , b , 

10 15 20 25 30 35 40 45 50 P5 60 
Frequency, MHz 

a. At photomult ipl ier  tube 

40-db 
Attenuation 
Level 

I 
0 

17-MHz High-Pass Filter 
.~23-NtHz Low-Pass Filter 

5 lO ]5 20 25 30 3P 40 45 
Frequency, MHz 

b. Downstream of signal separator 
Figure 3. Velocimeter system frequency spectrum. 

3.4 DOPPLER DATA PROCESSOR - MODEL 8 

The data processor developed at the AEDC (described in detail in 

Ref. 4) samples eight pulse periods of the limited duration "burst" 

waveform and digitizes the resultant time interval by period counter 

techniques. A counter is gated "ON" to a crystal-controlled clock at 

the beginning of one cycle and gated "OFF" at the beginning of the ninth 

succeeding cycle. The average period of those eight cycles is presented 

in binary-coded decimal form. 

In the presence of poor slgnal-to-nolse ratio, especially with the 

low-amplltude signals from the smaller entrained particles, severe 

aberrations of the burst signal waveforms occur. These, in effect, 

cause "dropout" of one or more pulses of the burst or present an addi- 

tional pulse caused by a noise spike. The processor logic circuitry 

13 
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utillzes a unique dual-comparlson scheme to reject such data bursts by" 

checking periodicity. It compares the time for both four and five 

oscillatlon periods with the time for the eight-cycle period, e.g., the 

time for eight cycles must be both twice the time for four cycles and 

eight-fifths the time for five. This highly successful scheme is des- 

cribed in Ref. 4. 

3.5 DATA ACQU ISITION SYSTEM 

A minicomputer is used as the base for the data acquisition system. 

It has a 32K memory with a data rate capability of 36,000 data sets per 

second as presently configured. A data set consists of information for 

both components of velocity and the time of acquisition of that point. 

The system takes data into core at the rate defined by the partl- 

cular flow conditions (i.e., aerosol particle density and local velocity) 

until a preset number of points are obtained. In most cases, 1,000 

points are considered necessary for sufficient accuracy. The mean value 

of the horizontal and vertical velocity components is displayed within a 

few seconds, and the original core-stored data are transferred to a 

nine-track magnetic tape at about 10-kHz word rate. Manual inputs are 

made to identify each record and other system constants. Three spatial 

positions are automatically recorded. The data are then available for 

various forms of reduction on the facility computers. 

A l i n e  p r i n t e r  p r o v i d e s  ha rd  copy o f  a l l  manual i n p u t s ,  p o s i t i o n ,  

and the  mean v e l o c i t y  v a l u e s  a t  t he  r a t e  o f  i00  c h a r a c t e r s  per  second .  

The c a p a b i l i t y  e x i s t s  f o r  programming f u r t h e r  o n l i n e  d a t a  r e d u c t i o n  

o f  the  m e a s u r a b l e  p a r a m e t e r s .  For  example ,  a h l s t o g r a m  of  the  measured 

v e l o c i t y  d i s t r i b u t i o n  cou ld  be p r i n t e d  f o r  s e l e c t e d  c o n d i t i o n s .  

14 
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4.0 DATA ANALYSIS AND SYSTEM ACCURACY 

t 

The Model 8 data processor is capable of measuring the period of 

well-defined oscillator signals to within 0.5 per cent, or better; 

however, the burst signal from the LV can be distorted by severe noise 

in the practical situation, e.g., reflections from window surfaces, etc. 

Since the noise sources and signal quality can vary significantly, it is 

impossible to quote a meaningful accuracy applicable to wind tunnel data 

from laboratory type data, but comparisons with tunnel calibration data 

and probes to be shown later give a good description of basic system 

accuracy. 

A more significant and perhaps the foremost problem in the appli- 

cation of the LV is the "particle lag problem". As stated earlier, the 

LV produces a distribution of velocities of the small particles of dust, 

dirt, condensation, etc., which are entrained in the flow, when in fact, 

one desires the gas velocity distribution. In many flow situations of 

interest the two distributions will be identical. However, in regions 

of large velocity gradients, such as downstream of a shock wave, the 

inertia of the larger particles does not allow them to immediately 

adjust to local gas velocity. Therefore, the large, heavy particle will 

give an erroneous reading in highly accelerating flows. Once again, the 

amount of error cannot be predicted in advance and is seen in the 

following analysis to depend on the particle size distribution and basic 

system parameters. 

Consider Fig'. 4 where the particle size distribution given for 

"continental air" (in Ref. 5) is represented as approximately a constant 
dN = over the radius cubed (~ C/r3). Each LV system under given condi- 

tions will process a signal from all size particles above some minimum 

shown as point "a" on the figure. Point "b" represents the largest size 

below which all particles will follow the flow at that location and flow 

condition. The largest particles entrained is represented at "c". One 

observes that "a" can vary with signal-to-noise ratio (local window 

noise, laser power, etc.) and "b" with local flow conditions (velocity 

15 
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gradients, etc.). If "b" equals "c", all measurements are correct. If 

b < a, none of the~neasurements is correct. With the assumed dlstribu- 
b dN c dN 

tion if y~ dD > f~dD, then the majority of the measurements (most 
a b 

frequent values) are correct. In this case, the mode value of the dls- 

trlbution is the best estimator of mean gas velocity. In any case, in 

highly accelerating flow it is felt to be a better estimate than the 

mean value. 

b c " dN dN 
,j" "-~dD > f ~dD 

dN 

a b c 
Particle Diameter, D 

Figure 4. Data analysis in acce|erating flow. 

To specify the accuracy of this measurement by other than experi 7 

mental comparisons will require knowledge of the particulate matter 

normally in the ART flow. These studies are needed hut have not been 

accomplished in the ART. The main particle source may be condensation 

which could severly modify the assumed c/r 3 size distribution. For the 

present, accuracy estimates will have to come from experimental com- 

parisons. 

16 
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As seen in Section 2.0, the scatter source veloclty is proportional 

to the Doppler frequency (fD). When detected at the photomultlplier 

tube, this is combined with the carrier frequency (Bragg frequency, fB ) 

and called the processor frequency (fp) 

fp = fB + fD 

the digital output of the data processor is the period (T) of f 
P 

I 
f =-- 
p 

the fundamental calculations of the magnitude of the velocity component 

being measured is then 

V = Kf D 

V = K ( ¼ -  fB) 

where K = 2 sin (8/2) 
from Section 2.0. 

The present computer reduction capabilities evolved from the anal- 

ysis of the particle dynamics problem discussed earlier and from early 

test data taken in boundary-layer studies and bow shock studies in the 

Aerodynamic Wind Tunnel (1T). The existing program forms the ensemble 

collection of reduced velocity data into histogram form. An elghth-order 

curve fit is applied to the histogram from which the mode value can be 

found where the slope of the curve goes to Zero. The mean value and 

standard deviation (o) of the distribution are~ of course, calculated 

also. Options concerning rejection of data deviating by more than 3 

are available. 

17 
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Visual analysis of the histograms is very helpful in areas of 

questionable flow characteristics. 

5.0 DATA OBTAINED IN ART 

Early tests of the instrument revealed signal quality and espe- 

cially signal quantity far beyond expectations. The off-axls collection 

system was very effective in providing extremely clean signals despite a 

sometimes rapid deterioration of window surface quality by dirt and 

moisture condensation. 

Contrary to previous LV experiences where the data acquisition rate 

was at times less than desirable, records of 1,000 data sets were rou- 

tinely acquired in less than one second. On occasions, raw data bursts 

were observed at a rate of more than 1,000,000 per second. Limited 

number of cycles of a vast majority of these bursts render the con- 

ventlonal data processor incapable of obtaining all this available 

information. However, this burst rate is very exciting in view of a new 

Data Analyzer technique which is well under development in the Propul- 

sion Wind Tunnel (PWT)-LV group. A prototype unit described in Eef. 6 

was operated during early tests and was successful in taking data from 

these same signal sources at rates up to 300,000 data points per second. 

The great potential of these high data rates is in the more direct, more 

accurate measurement of turbulence intensity. This topic is not complete- 

ly in the scope of this report, hut it is valuable to point out that the 

existing optics system and tunnel conditions are shown to be capable of 

supporting this potential breakthrough in turbulence measuring technology. 

Shakedown t e s t s  o f  t h e  b a s i c  LV s y s t e m  show t h a t  v e r y  good a g r e e -  

ment  w i t h  t u n n e l  i n s t r u m e n t a t i o n  i s  o b t a i n e d  when t h e  mean h o r i z o n t a l  

v e l o c i t y  component  i s  measu red  a l o n e ;  howeve r ,  t h e  t e s t s  a l s o  show t h a t  

when b o t h  h o r i z o n t a l  and v e r t i c a l  components  o f  d a t a  were  t a k e n  s i m u l -  

t a n e o u s l y  t h e r e  was a g r e a t e r  d i s c r e p a n c y  f rom t u n n e l  i n s t r u m e n t a t i o n .  

18 
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These data sets are shown in Fig. 5. The larger error for data taken 

simultaneously is belleved to be caused by the sharp-roll-off filters in 

the signal separation electronics package. Upon completion of a thorough 

study of this problem, it is hoped the additional error will be lessened 

or tha't the entire problem will be circumvented. For the present, data 

are being taken one component at a time. 
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Figure 5. Comparison of LV and tunnel instrumentation data. 
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Figure 6 shows percent discrepancy from tunnel data versus Mach 

number for the horizontal component when taken alone. In general, the 

percent discrepancy would naturally increase near zero reading where one 

has a finite uncertainty, but there happens to be an additional reason 

in this case. It is attributed to the requirements dictating the use of 

the Bragg cell offset frequency. The significance of this trade-off of 

accuracy for directionality and simultaneous data is seen in an example 

of a measurement of a nominal 200-ft/sec horizontal velocity. The 

offset frequency (Bragg cell frequency) is 15 MHz and the nominal 

Doppler frequency (velocity dependent) is 1 MHz at 200 ft/ sec. From 

the equations of Section 4.1 the frequency seen by the data processor is 

therefore the sum of the two and, assuming a measurement accuracy of 

±0.3 percent, the measured frequency would be 16 MHz ±0.05 MHz. The 

very accurate crystal-controlled Bragg frequency is substracted to yield 

the so-called Doppler frequency 

f = 16 MHz +-0.0500 MHz 
P 

- fB = 15 MHz -+0.0001 MHz 

fD = I MHz -+0.05 MHz 

The resultant 0.05 MHz uncertainty is now five percent of the pertinent 

frequency and therefore five percent of the measured velocity. A curve 

showing this discrepancy for 0.3-percent accuracy of processor reading 

throughout the Mach number range is shown in Fig. 6. In this light, the 

accuracy of the data taken is seen to be quite impressive. 

A complete set of tests designed specifically for the shakedown of 

all the possible applications of the LV has not yet been possible. 

However, several tests using the mean flow-measurlng capability have 

been accomplished. Selected results of these tests will be presented 

only for interest of application, with no discussion of the significance 

of results in an aerodynamic sense. 
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The system was used at AEDC to measure velocity profiles in 

a two-dlmensional slot. The reverse flow region below the leading 

edge of the slot is seen in Fig. 7. Free-stream velocity checked 
( 

with the tunnel value to within 1.0 percent of reading. 

Mean flow angle was obtained with the LV by measuring the mean 

horizontal velocity component (u) singly and then the vertical component 

(~) alone. The angle (=) was calculated by 

rt ffi t a n - l ( v / u )  
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This was done in conjunction with a wind tunnel test which determined 

gross flow angle changes with various tunnel configurations while in- 

troducing perturbations to the flow. Data were taken simultaneously with 

flow angle probe data while located 0.75 in. in front of the probe tip. 

Figure 8 shows the comparison wlth probe data when perturbing crossflow 

jet pressure was varied from 0 to 60 psi. The agreement in relative 

angle change is excellent. For the four cases available in this plot, 

the repeatability of the LV data is in no case worse than ±0.05 deg. 

This, of course, includes the repeatability of tunnel and crossJet set 

points. 
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Figure 7. Profile of horizontal velocity. 
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Figure 8. Flow angle versus perturbation jet pressure. 

Flow angle profiles such as the one shown in Fig. 9 for Mach No. 

0.6 were taken with various tunnel configurations. Again, the relative 

angle change looked good on each profile. However, the absolute com- 

parison with the probe data varied on different profiles by as much as 

0.4 to 0.5 deg. This test could not be conclusive in defining an abso- 

lute accuracy because of such things as spatial location differences for 

the two instruments at which actual flow conditions could be slightly 

different. 

The many measurements of horizontal velocity at a given Mach number 

during the course of the flow angle tests are plotted in Fig. i0 to 

indicate LV system repeatability. These data include all measurements 

taken in the tunnel configuration which was felt most likely to provide 

the best flow repeatability. Each point on the graph is the result of 

from 6 to 17 determinations of mean velocity. Most of the data indicate 

a repeatability of the Tunnel-LV combination of O. 5 percent of reading. 

i 
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Figure ii shows LV data taken in the boundary layer over the bottom 

wall of a low-disturbance tunnel with velocities normalized to the edge 

velocity and distance normalized to the boundary-layer thickness. The 

circles show the mean velocity profile compared with the pitot probe 

data taken on a different occasion but with equivalent tunnel conditions. 

The closest proximity to the wall on such LV profiles was typically 

0.005 to 0.010 in. 
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Figure 11. LV-obtained profiles of mean velocity, turbulence, and shear stress. 
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Indicators of the turbulence levels are also shown by u'/u and 
e 

v'/u e where u' and v' are the respective standarddeviatlons of the 

ensemble collection of u and v measurements at a point, and u is the 
e 

edge velocity of the boundary layer. The shear stress is indicated by 

the plot of u'~'/u e. Results of early studies by Klebanoff (Ref. 7) 

using hot-wire anemometry are shown only for a trend comparison. 

Although the flow in Klebanoff's case was an order of magnitude lower in 

free-stream velocity and in unit Reynolds number, the shape comparison 

is reasonable. 

The significance of these data is that in the absence of a direct 

comparison with hot-wire datap the self-consistency of the LV data set 

is the only check thus far on the turbulence intensity measurements. If 

the portion of the shear curve which is turbulence dominated is extrapo- 

lated to the originD the value of skin friction obtained (2.5 x 10 -3 ) 

compares reasonably well with the value obtained by the "Law of the 

Wall" from the mean velocity profile (2.8 x 10-3). This self-consistency 

of the data set lends confidence to u'~' and therefore to u' and v' 

individually. 

6 . 0  R E C O M M E N D A T I O N S  

Methods or tests must be designed to establish the limits of error 

on all measurement parameters not already well defined. Particular 

emphasis should be placed on turbulence intensity measurements where 

perhaps the best method at present is a comparison with hot-wire data 

where discrepancy limits are also unclear. 

It is apparent from earlier tests that further refinement of "the 

signal separation technique for simultaneous, two-component measurements 

and the frequency shifting technique for directionality is necessary to 

allow overall system accuracy which equals that of the fundamental meas- 

urement capability of the technique. Consideration should be given to 
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double shifting of the frequency with solid-state Bragg cells to provide 

a more stable beam split with a lower frequency shift. This would 

increase accuracy at low velocities and also ease the signal separation 

requirements (allow wider band electronic filters) so that the present 

separation scheme may be satisfactory. If necessaryt two-color optic 

systems could be introduced for component separation. 

With the error limits established for the system, confidence has 

been gained in the measurement of particle velocity. The remaining task 

is to determine the magnitude of error induced b~ particle lag in the 

test conditions of interest. One approach would be to characterize the 

partlculatematter in the flow and analytically establish lag errors. 

Another would be to design "worst case" situations, such as a bow shock 

study, to define the maximum lag error for this system with existing 

particulates. 

Further development and adaptation of the Data Analyzer to the 

current, two-component, LV system is necessary to utilize the very high 

data rate available in the facility. The significant potential of this 

technique is a more accurate and direct measurement of turbulence intensity. 

Also, the small particle capability will aid tremendously in minimizing 

the particle lag problem. 

7.0 S U M M A R Y  

A new capability exists in the AEDC Acoustic Research Tunnel in the 

form of a permanently installed laser velocimeter. A potential exists 

for the measurement of mean flow velocity, mean flow angle, turbulence 

intensity, and Reynolds shear stress. The velocimeter's spatial reso- 

lution and data-gathering capability very near a surface make it well 

suited for boundary-layer studies. Its very mobile and accurate three- 

dimensional traverse system is much less restrictive, and much faster, 

in mapping large flow fields than conventional probe positioners. 
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The available data indicate very accurate mean flow measurements 

with discrepancies of less than one percent of reading in the tunnel 

range above Mach No. 0.4. Laser velocimeter system repeatability in one 

component of measurement at a fixed tunnel set point showed a maximum 

deviation of 0.6 percent. However, whenboth components were taken 

simultaneously, errors on the order of five to ten percent were seen at 

very low Mach numbers. 
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NOMENCLATURE 

C 

D 

Constant 

Particle diameter 

n 
Unit vector perpendicular to fringes 

Frequency 

K Conversion constant 

N Number of particles per unit volume 

.n Index of refraction 

Radius 

Mean horizontal velocity 

V General velocity vector 

v Mean vertical velocity 

Y Distance from wall 

Flow angle 

Distance between fringe planes 

~BL 
Boundary-layer thickness 

Wavelength of laser radiation 
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Angle between input beams 

Period of signal 

SUBSCRIPTS 

B Bragg 

D Doppler 

e Edge value 

0 Vacuum conditions 

P P r o c e s s o r  
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